Detection of colorectal carcinomas with highfrequency microsatellite instability (MSI-H
High-frequency microsatellite instability (MSI-H) occurs in most colorectal adenocarcinomas from patients with hereditary nonpolyposis colorectal cancer (HNPCC) and in about 15% of sporadic large bowel cancers. MSI-H tumors develop through a mutational pathway different from that operating in common colorectal adenocarcinomas (1, 2) and display distinctive pathological features, such as proximal location, poor differentiation, frequent mucinous or medullary/undifferentiated histotype, and intense peritumoral and intratumoral lymphocytic infiltration (3) (4) (5) . Besides identifying HNPCC gene carriers (6 -8), detection of MSI-H large bowel adenocarcinomas is clinically important for several reasons. Patients with MSI-H cancers demonstrated a better clinical outcome than did patients with common large bowel adenocarcinomas, and recent studies performed on very large series of patients showed that the survival advantage conferred by the MSI-H phenotype is independent of tumor stage and other clinical and pathological variables (5, 9 -12) . In addition, clinical evidence suggests that MSI-H colorectal carcinomas may be particularly sensitive to 5-fluorouracil-based adjuvant chemotherapy (13, 14) . Finally, patients with MSI-H tumors are thought to be at increased risk of developing metachronous large bowel carcinomas and therefore to require long-term colonoscopic follow-up (15) .
MSI-H is determined by defects in the DNA mismatch repair (MMR) system (16, 17) . In HNPCC, MSI-H is caused by germline mutations of one of the MMR genes, in most cases the MLH1 or MSH2 gene, with somatic inactivation of the remaining wild-type allele (17) . In sporadic MSI-H large bowel carcinomas, mutations of MMR genes have been detected at a very low frequency, and MLH1 gene inactivation by promoter hypermethylation is the major mechanism leading to the mutator phenotype (18 -20) . Genetic or epigenetic inactivation of MLH1 and MSH2 genes is generally associated with loss of immunohistochemical expression of the corresponding protein (18, 20, 21) . Recent studies suggest that immunohistochemical analysis of MLH1 and MSH2 gene product expression may allow one to specifically identify MSI-H colorectal adenocarcinomas (15, (22) (23) (24) (25) (26) . Therefore, immunohistochemistry for MLH1 and MSH2 seems to represent a rapid and accurate method for the routine detection of these tumors.
In the present investigation, we evaluated MLH1 and MSH2 expression in a large number of MSI-H, MSI-L (low-frequency MSI), and microsatellite stable (MSS) colorectal adenocarcinomas. The relationship between the immunohistochemical pattern of MLH1/MSH2 expression and the clinical and pathological features of MSI-H tumors was also analyzed.
MATERIALS AND METHODS
The study included 724 colorectal adenocarcinomas surgically resected in the years 1988 -1994 and 1999 -2000. To obtain a very large number of MSI-H tumors, a nearly equal number of carcinomas of the proximal (caecum, ascending, and transverse colon; n ϭ 338) and distal colon (left colon and rectum; n ϭ 386) were examined. Availability of frozen tissue samples suitable for genetic analyses was the only criterion for selection. Patients with familial adenomatous polyposis or inflammatory bowel disease were excluded.
Tumors were staged according to the TNM staging system (27) . Tumor type and grade of differentiation were determined by the criteria of the World Health Organization (28) . Carcinomas with a predominant solid growth pattern (Ն70% of the tumor area) and mild or moderate nuclear pleomorphism were classified as medullary adenocarcinomas (29) . Pattern of growth, lymphocytic infiltration at the advancing tumor margin, and extramural vein invasion were evaluated according to the criteria of Jass et al. (30) . Peritumoral Crohn's-like lymphoid reaction was assessed according to Graham and Appelman (31) and classified as conspicuous (intense) and inconspicuous (5, 29) .
Detailed clinical follow-up data were available for all patients operated on before December 1994. Personal and family histories of colorectal carcinoma and other cancers were obtained by chart review and in most cases by interview of patients and/or family members. Whenever possible, pathological review of HNPCC-related tumors of all family members was performed. However, for the large majority of patients, only data concerning first-degree relatives were accessible, and no attempt to construct expanded family trees was done.
Microsatellite Analysis
Representative samples of tumor and corresponding normal mucosa were obtained from fresh surgical specimens, frozen in liquid nitrogen, and stored at Ϫ80°C. DNA was extracted by a standard phenol-chloroform procedure. Before DNA extraction, from each tumor sample, a frozen section was cut and stained with hematoxylin and eosin to verify by microscopic examination the presence of adequate neoplastic material (Ն60 -70% of tumor cells).
In the majority of cases (n ϭ 614), MSI was evaluated at six microsatellite loci (D18S58, D18S61, D17S855, D17S786, BAT26, and BAT40) using a fluorescence-based polymerase chain reaction (PCR) method, as reported elsewhere (5, 29) . Analysis of the PCR products was performed with an automated laser-activated fluorescent DNA sequencer (ALF; Pharmacia Biotech, Cologno Monzese, Italy) using the Fragment Manager (FM1.1) software (Pharmacia Biotech). More recently, in the last 110 tumors, MSI was analyzed with the Bethesda panel of five microsatellite markers (BAT26, BAT25, D2S123, D5S346, D17S250) (32) and a fluorescence-based multiplex PCR method, using the HNPCC Microsatellite Instability Test kit (Boehringer Mannheim, Mannheim, Germany) according to manufacturer's instructions. PCR products were run in an ABI PRISM 377 DNA sequencer (Perkin-Elmer Applied Biosystems Division, Foster City, CA) and analyzed by the GeneScan 3.1 software (PerkinElmer) (Fig. 1) .
MSI was defined as the presence in the tumor DNA of PCR products of abnormal size compared with the corresponding normal tissue. Tumors demonstrating instability at one or two loci with one set of microsatellite markers were further analyzed with the other microsatellite markers (total number, 10). According to the guidelines of the International Workshop of Bethesda (32), tumors showing instability at Ն30% of microsatellite loci were classified as MSI-H, tumors demonstrating instability at Ͻ30% of microsatellite loci were classified as MSI-L, and tumors without detectable MSI as MSS (microsatellite stable).
Immunohistochemical Analysis
Immunohistochemical analysis of MLH1 and MSH2 expression was performed in all MSI-H and MSI-L tumors, and in a consecutive series of 150 unselected MSS carcinomas, following an analytical procedure previously described (5) . Briefly, one block of formalin-fixed paraffin-embedded tumor tissue, usually comprising adjacent normal mucosa, was selected per case. Five-micrometer-thick sections were deparaffinized and rehydrated using xylene and alcohol. Before immunostaining, heat-induced antigen retrieval was performed by treatment in a microwave oven (30 min at 600 W) of tissue sections immersed in 10 mM citrate buffer, pH 6.0. Sections were then incubated overnight at 4°C with mouse monoclonal antibodies against MLH1 protein (clone G168 -728; PharMingen, San Diego, CA) and MSH2 protein (clone FE11; Oncogene Research Products, Cambridge, MA), both diluted 1:100. An UltraVision streptavidin-biotin peroxidase detection kit (TP-060-HL; Lab Vision Corporation, Fremont, CA) was employed as the secondary detection system, and the peroxidase reaction was developed using diaminobenzidine tetrachloride as chromogen. Finally, slides were lightly counterstained with Mayer hematoxylin.
Tumors showing loss of nuclear MLH1 or MSH2 expression were classified as MLH1 or MSH2 negative. Nuclear immunostaining of normal epithelial cells, lymphocytes, and stromal cells served as internal positive controls (Fig. 2) . All cases were evaluated independently by two pathologists (GL and RG) without knowledge of clinicopathologic data and MSI status.
Immunohistochemical analysis of p53 protein expression was performed on formalin-fixed paraffinembedded tissue sections using the mouse monoclonal antibody DO-7 (DBS, Pleasanton, CA), as reported in previous studies (5, 29) . Tumors showing a proportion of stained nuclei of Ͼ10% were classified as p53 positive. 
Statistical Analysis
Differences in distributions between the variables examined were assessed with the 2 test or the Fisher's exact test, as appropriate. Survival curves were generated using the method of Kaplan and Meier and compared by the log rank test. Data from patients who died of causes unrelated to colorectal cancer were censored at the time of death. Probability values of Ͻ.05 were considered significant. All data were analyzed using SPSS statistical software, Version 8.0 (SPSS Inc., Chicago).
RESULTS

MSI Status
Of the 724 colorectal adenocarcinomas examined, 133 (18.4%) were classified as MSI-H, 23 (3.2%) as MSI-L, and 568 (78.4%) as MSS. MSI-H tumors occurred much more often in the proximal than in the distal colon (115/338, 34.0% versus 18/ 386, 4.7%; P Ͻ .0001). The large majority of MSI-H carcinomas (115 of 133, 86.5%) were sited in the proximal colon, whereas MSI-L tumors were equally distributed in the proximal and distal colon (12 and 11, respectively).
MLH1/MSH2 Expression in MSI-H, MSI-L, and MSS Carcinomas
Loss of MLH1 or MSH2 expression was detected in 120 (90.9%) of the 132 MSI-H carcinomas examined (one MSI-H tumor was excluded from the study because the quality of immunostaining was unsatisfactory). In detail, 106 (80.3%) MSI-H carcinomas showed complete loss of MLH1 expression and normal immunoreactivity for MSH2 (MLH negative), 14 (10.6%) displayed complete loss of MSH2 expression and normal immunoreactivity for MLH1 (MSH2 negative), and 12 MSI-H carcinomas (9.1%) demonstrated normal expression of both MLH1 and MSH2 gene products (MLH1/MSH2 positive; Table 1 ). There were no MSI-H tumors showing lack of both MLH1 and MSH2 expression. In contrast, nuclear immunoreactivity for MLH1 and MSH2
proteins was observed in all 150 MSS and 23 MSI-L tumors analyzed (Table 1) .
Five patients in the study had two synchronous or metachronous MSI-H carcinomas. In all these cases, the tumors resected from a single patient showed the same pattern of immunoreactivity (MLH1 negative in two patients, MSH2 negative in two patients, and MLH1/MSH2 positive in one patient).
Instability at the BAT26 locus was detected in 125 of the 132 (94.7%) MSI-H tumors. Of the seven carcinomas negative for BAT26 instability, four were MLH1 negative and three were MLH1/MSH2 positive, whereas all the MSH2-negative carcinomas showed BAT26 instability. Six of the seven tumors negative for BAT26 instability showed instability at other mononucleotide loci (BAT40 and/or BAT25). One MLH1/MSH2-positive tumor demonstrated instability only at dinucleotide repeats. All the other MSI-H carcinomas included in the study showed instability at both mononucleotide and dinucleotide loci. There were no differences in the degree of MSI between MLH1-negative, MSH2-negative and MLH1/MSH2-positive MSI-H adenocarcinomas (data not shown).
Relationship between MLH1/MSH2 Expression and Clinicopathological Variables in MSI-H Carcinomas
Among MSI-H tumors, immunohistochemical pattern of MLH1/MSH2 expression was demonstrated to be related to several clinical and pathological variables (Table 2) .
MLH1-negative carcinomas occurred more often in women (62.5%) than MSH2-negative (41.7%) and MLH1/MSH2-positive (45.5%) tumors, but the difference was not statistically significant. In addition, MLH1-negative carcinomas developed less frequently in patients aging Ͻ50 years than did MLH1/MSH2-positive (P ϭ NS) and MSH2-negative tumors (P ϭ .005). A close relationship was demonstrated between MLH1/MSH2 immunostaining and tumor site. The large majority (93.4%) of MLH1-negative, but only 64.3% of MSH2-negative (P ϭ .0006) and 50% of MLH1/MSH2-positive carcinomas (P Ͻ .001), were located proximal to the splenic flexure. Of the 114 proximal MSI-H tumors, 99 (86.8%) were MLH1 negative, 9 (7.9%) were MSH2 negative, and 6 (5.3%) were MLH1/MSH2 positive. Conversely, 7 (38.9%) of the 18 distal MSI-H carcinomas were MLH1 negative, 5 (27.8%) were MSH2 negative, and 6 (33.3%) were MLH1/MSH2 positive. Furthermore, MLH1-negative and MSH2-negative MSI-H cancers were more often Ͼ7 cm in diameter larger than were MLH1/MSH2-positive ones (54.7, 35.7, and 8.3%, respectively; MLH1 negative versus MLH1/MSH2 positive, P ϭ (Table 2) . MLH1/MSH2 immunoreactivity was also related to tumor type (Table 2) . MSI-H MLH1/MSH2-positive tumors were more often classified as ordinary adenocarcinomas (58.3%) than were MLH1 negative (17.9%; P ϭ .001) and MSH2 negative (14.3%) carcinomas. MSI-H MLH1/MSH2-positive carcinomas were also more often well or moderately differentiated (75% of cases) and p53 positive (50%) than were the other MSI-H tumors, especially those that were MLH1 negative (P ϭ .005 and P ϭ .007, respectively; Table 2 ). Because of the small numbers of cases included in both groups, all the above-mentioned differences between MSH2-negative and MLH1/MSH2-positive MSI-H tumors did not reach statistical significance. MLH1/MSH2 pattern of expression was not associated with other histopathological variables such as lymphocytic infiltration at the advancing tumor margin (Table 2 ), Crohn's-like lymphoid reaction (Table 2) , pattern of growth, and vein invasion (data not shown).
MSI-L and MSS tumors showed very similar clinical and pathological characteristics (data not shown) and therefore were grouped together and indicated as MSI-L/MSS. MSI-L/MSS carcinomas differed from all MSI-H tumors for nearly all the clinicopathological features examined (Table 2) .
Seventy-nine patients with MSI-H carcinomas were operated on before December 1994 and were included in survival analysis. Two patients were Stage I, 44 were Stage II, 27 were Stage III, and 6 were Stage IV. The mean follow-up in surviving patients was 77.1 months (median, 79.3 mo; range, Table 2) . However, disease-specific survival analysis did not show significant differences between the three groups of patients (Fig. 3) . One hundred and seventy-two patients with MSI-L/MSS tumors were available for survival analysis (mean follow-up in surviving patients, 91.6 mo; median, 86.4 mo; range, 61 to 128 mo). Patients with MSI-L/MSS tumors demonstrated a less favorable clinical outcome compared with all patients with MSI-H carcinomas (P ϭ .0041; Fig. 3 ). Data concerning personal and family histories of cancer could be obtained for 88 (69.3%) of the 127 patients with MSI-H carcinomas. In the group of patients with HNPCC (n ϭ 3) or suspected HNPCC (n ϭ 7), 50% of the patients had MLH1-negative tumors; 30%, MSH2-negative tumors; and 20%, MLH1/MSH2-positive tumors (Table 3 ). MLH1/ MSH2-positive carcinomas were slightly overrepresented (21.4%) among patients with one firstdegree relative affected by colorectal cancer. In contrast, the large majority of MSI-H tumors arising in patients with a family history negative for colorectal cancer were MLH1 negative (87.5%) ( Table 3) . The difference in MLH1/MSH2 expression between the tumors of the three groups of patients was statistically significant (P ϭ .016).
DISCUSSION
Detection of MSI-H large bowel adenocarcinomas is clinically important for several reasons. It may represent an initial step in the identification of colorectal cancer patients with HNPCC (6 -8). Furthermore, patients with MSI-H carcinomas demonstrated in several studies a survival advantage with respect to patients with MSI-L/MSS tumors (5, 9 -12). There is also the suggestion that MSI-H carcinomas might be particularly sensitive to 5-fluorouracil-based adjuvant chemotherapy (13, 14) . Finally, patients with MSI-H tumors are considered to be at increased risk of developing metachronous colorectal cancers and need long-term colonoscopic surveillance (15) .
Genetic analysis of MSI status is time consuming and expensive and requires specialized equipment. Therefore, at present it cannot be performed routinely on large bowel adenocarcinomas by histopathology laboratories. Immunohistochemical analysis of MLH1 and MSH2 protein expression represents a rapid, easier, and less costly alternative method for the detection of colorectal tumors of the mutator phenotype, and it could be performed by histopathology laboratories as a routine diagnostic test. In the present investigation, we demonstrated loss of MLH1 or MSH2 expression in a high proportion (90.9%) of the 132 MSI-H colorectal carcinomas examined. In contrast, nuclear expression of both MLH1 and MSH2 gene products was observed in all the MSS (n ϭ 150) and MSI-L (n ϭ 23) tumors analyzed. Our data indicate that immunohistochemical analysis of MLH1 and MSH2 expression is a sensitive and specific method for the identification of colorectal tumors of the MSI-H phenotype. Our results are in agreement with previous studies FIGURE 3. Disease-specific survival of colorectal cancer patients by microsatellite instability status and MLH1/MSH2 immunostaining. Among high-frequency microsatellite instability (MSI-H) tumors, patients with MLH1-negative carcinomas more often died of disease than did patients with MLH1/MSH2-positive and MSH2-negative carcinomas, but the differences in survival between the three groups of patients were not statistically significant. Patients with low-frequency microsatellite instability (MSI-L) or microsatellite stable (MSS) tumors showed a less favorable clinical outcome with respect to all patients with MSI-H carcinomas (P ϭ .0041). performed on smaller series of cases, which demonstrated lack of MLH1 or MSH2 immunostaining in a high percentage (20, (22) (23) (24) (25) (26) 33) or even the totality (15) of large bowel adenocarcinomas with a high degree of MSI. Some studies reported lack of MLH1 or MSH2 expression in a small number of non-MSI-H large bowel adenocarcinomas (25, 33) . In our opinion, and in agreement with findings of other investigators (25, 33) , this finding was mainly determined by inadequate tissue fixation. We occasionally observed reduced or absent nuclear MLH1 and/or MSH2 staining of tumor cells in areas of otherwise positive MSI-L/MSS carcinomas, but in the same areas, loss of immunoreactivity in the nuclei of nonneoplastic cells was also detected. Nevertheless, it should be pointed out that even if carefully optimized, immunohistochemical stain for MLH1 and MSH2 fails to detect nearly 10% of MSI-H colorectal carcinomas. In addition, the fraction of HNPCC colorectal cancer patients not associated with MLH1 or MSH2 germline mutations cannot be identified by this method.
In the 132 MSI-H carcinomas examined, loss of MLH1 expression occurred much more frequently (106 cases, 80.3%) than did loss of MSH2 expression (14 cases, 10.6%). However, among patients younger than 50 years of age and in the group of patients belonging to families with HNPCC or suspected HNPCC, lack of MLH1 and of MSH2 immunostaining were more equally distributed (50% and nearly 30%, respectively). Our results are in agreement with those of previous studies, which demonstrated a high prevalence of loss of MLH1 expression in unselected series of MSI-H large bowel carcinomas (15, 23, 25, 26) and nearly equal frequencies of loss of MLH1 and MSH2 staining in series comprising a high number of hereditary cases (22, 24, 33) . Our findings are also in agreement with molecular data indicating that epigenetic inactivation of the MLH1 gene by promoter hypermethylation is the leading cause of mismatch repair deficiency in sporadic MSI-H colorectal adenocarcinomas (18 -20) , whereas germline mutations in either MLH1 or MSH2 are responsible for HNPCC in roughly equal proportions of cases (17) .
MSI-H colorectal carcinomas, both sporadic and HNPCC associated, differ from MSI-L/MSS tumors in several pathological characteristics. MSI-H tumors are predominantly located in the proximal colon and more often display large size, poor differentiation, mucinous or medullary histology, expanding pattern of growth, intense peritumoral Crohn's-like lymphoid reaction, and intratumoral lymphocytic infiltration (3-5, 26, 34) . In addition, the large majority of MSI-H colorectal carcinomas are DNA diploid by flow cytometry and p53 negative by immunohistochemical analysis (5, 33, 35) . The pathological features of the MSI-H carcinomas included in our analysis are consistent with those reported in the majority of previous studies. In fact, 86.4% of the 132 MSI-H carcinomas were located in the proximal colon, 48.5% were Ͼ7 cm in diameter, 60.6% were poorly differentiated, 52.3% were mucinous or medullary adenocarcinomas, 93.2% had an expanding pattern of growth, 40.9% showed intense peritumoral Crohn's-like lymphoid reaction, and only 21.2% were p53 positive by immunohistochemistry. A novel and interesting finding of our investigation was that the immunohistochemical pattern of MLH1/MSH2 expression is significantly related to several pathological features in MSI-H colorectal cancers. In particular, MLH1/MSH2-positive carcinomas demonstrated pathological characteristics substantially different from those of MLH1-negative and MSH2-negative tumors and quite similar to those of MSI-L/MSS carcinomas. MSI-H carcinomas with positive MLH1 and MSH2 immunostaining were evenly distributed in the proximal and distal colon and less frequently displayed large size, poor differentiation, and mucinous or medullary histology than did MLH1-negative and MSH2-negative tumors. Moreover, they often showed p53 protein overexpression (50% of cases). Conversely, only minor pathological differences were observed between MLH1-negative and MSH2-negative carcinomas. Clinically, MSI-H MLH1/MSH2-positive carcinomas occurred more often among patients with HNPCC or suspected HNPCC and in the group of patients with one firstdegree relative affected by colorectal cancer.
All the MSI-H MLH1/MSH2-positive carcinomas demonstrated very high levels of MSI as well as unequivocal and diffuse nuclear staining for the two MMR proteins. In addition, all these tumors were classified as MSI-H when analyzed with the Bethesda consensus panel (data not shown), and all but one showed instability at both mononucleotide and dinucleotide repeats. In MSI-H MLH1/MSH2-positive carcinomas, we cannot exclude the presence of MLH1 or MSH2 gene mutations not associated with loss of protein expression (36) . However, our data suggest that probably other genes of the DNA mismatch repair complex or related genes play a major role in the development of these tumors.
Several studies demonstrated a better prognosis for patients with colorectal MSI-H carcinomas with respect to patients with MSI-L/MSS tumors (5, 10 -12). However, little is known about factors affecting the likelihood of survival among patients with MSI-H large bowel carcinomas (37) (38) (39) . In the present investigation, we evaluated the prognostic significance of MLH1/MSH2 expression in 79 patients with MSI-H colorectal tumors and long-term follow-up. Patients with MLH1-negative carcinomas more frequently died of disease than did pa-tients with MSH2-negative and MLH1/MSH2-positive carcinomas. Nevertheless, disease-specific survival analysis did not display significant differences between the three groups of patients. This may reflect the small numbers of cases in some of the groups being compared. Further studies are necessary to determine whether immunohistochemical pattern of MLH1/MSH2 expression influence survival in patients with MSI-H colorectal tumors.
According to the guidelines of the International Workshop of Bethesda (32) , colorectal tumors with low levels of MSI are classified as MSI-L. The genetic bases of the MSI-L phenotype are not clearly defined, and the clinicopathological features of MSI-L large bowel carcinomas are not different from those of MSS tumors (4, 26) . All the MSI-L cancers examined here demonstrated nuclear immunoreactivity for both MLH1 and MSH2 proteins. Our data confirm that MLH1 and MSH2 genes do not seem to be implicated in the etiology of MSI-L colorectal adenocarcinomas (15, 22, 23) .
Overall, the results of the present investigation strongly indicate that immunohistochemical analysis of MLH1 and MSH2 expression is a practical and reliable method for the detection of MSI-H large bowel adenocarcinomas. Our data also point out that MSI-H MLH1/MSH2-positive colorectal tumors are characterized by distinctive pathological features.
